INTRODUCTION
The group A streptococcus (GAS) or Streptococcus pyogenes is a strictly human pathogen that can cause many different illnesses ranging from mild localized infections to severe disseminated disease (for reviews see Cunningham 2000; Kwinn & Nizet, 2007; Musser & DeLeo, 2005; Tart et al., 2007) . The variety of possible disease outcomes of a GAS infection is believed to be due in part to the regulated expression of streptococcal virulence factors that are either present on the surface of the bacterium or secreted by the organism. One of the secreted factors shown to be important for streptococcal virulence is streptokinase, encoded by the ska gene. GAS strains with specific ska alleles have been associated with cases of acute poststreptococcal glomerulonephritis and have been implicated in pathogenesis of this disease (Nordstrand et al., 2000) .
Streptokinase converts plasminogen into plasmin to activate it for fibrinolysis. The streptokinase produced by GAS is specific for the human form of plasmin, showing little or no activity on plasmin from mice or other animals. The importance of GAS streptokinase in pathogenesis was demonstrated using transgenic mice that express human plasminogen (Cole et al., 2006; Sun et al., 2004 ).
In GAS, as well as in Streptococcus equisimilis (a group C streptococcus, GCS), streptokinase is expressed from a monocistronic operon (Malke et al., 2000) . The promoter for the streptokinase gene, Pska, is activated by the Fas system (Kreikemeyer et al., 2001) and repressed by CovR (Federle et al., 1999; Heath et al., 1999) . Both of these transcriptional regulators, which are conserved in all 12 GAS genome sequences available, are part of twocomponent signal transduction systems (TCSs; Laub & Goulian, 2007; Stock et al., 2000) . The CovRS TCS is a global regulator of GAS gene expression that appears to have central importance in pathogenesis.
CovRS regulates expression of approximately 15 % of the GAS genome (Dalton & Scott, 2004; Dalton et al., 2006; Graham et al., 2002) and mediates the bacterial response to several stress conditions (Dalton & Scott, 2004) . In infection in primates, alterations in CovRS expression have been correlated with stages of infection, and maximal covRS transcription occurs at the transition from localized to disseminated systemic infection . Although most TCSs activate the promoters they regulate, CovR represses most of the genes it regulates, including ska (Federle et al., 1999; Miller et al., 2001) . In addition to ska, other important virulence genes are repressed by CovR (Federle et al., 1999; Heath et al., 1999; Levin & Wessels, 1998) , including genes required for capsule synthesis (has) (Ashbaugh et al., 2000; Husmann et al., 1997; Wessels & Bronze, 1994) ; the cytolysin streptolysin S (sag) (Salim et al., 2007) ; the DNase streptodornase (sda) (Brinkmann et al., 2004; Buchanan et al., 2006; Sumby et al., 2005; Walker et al., 2007) ; and a cysteine protease (speB) (Collin & Olsen, 2001) . Recently, the downstream transcriptional regulator RivR (encoded by rivR), which (indirectly) activates expression of the first recognized GAS virulence factor, the M protein, was also shown to be repressed by CovR . CovR also represses its own expression as well as expression of the cognate CovS kinase, which is transcribed from the same promoter .
Regulation of transcription of these genes is direct, through binding of CovR at specific sites near their promoters. Binding of CovR to the promoters that have been studied (Phas, Psag, Priv and Pcov) shows several common characteristics ( Fig. 1 ; Churchward, 2007) : (1) multiple CovR-binding sites are required at each promoter; (2) binding sites are located both upstream and downstream of the transcriptional start site; and (3) bound regions typically include the consensus sequence ATTARA Gao et al., 2005; . Alteration of the consensus sequence by mutation of the TT pair to GG abolishes binding to at least part of the region containing the consensus sequence, and uracil interference experiments show that these paired T residues are essential for CovR binding to this region Gao et al., 2005; .
Phosphorylation of CovR causes the protein to dimerize (Gusa et al., 2006) and increases its binding affinity to specific DNA regions (for a review see Churchward, 2007) . In addition, phosphorylation of CovR often causes multimerization of the protein along the DNA to which it binds. Phosphorylation also affects the degree of repression of transcription from each promoter. Using an in vitro system that employs purified GAS RNA polymerase (Gusa et al., 2006) , we have found that at some promoters there is good concordance between the amount of protein required to cause nuclease protection and to reduce transcription by 90 % or more (Gao et al., 2005; . At other promoters, such as Phas (Gusa et al., 2006) and Priv , phosphorylation has a larger effect on repression than on DNA binding, indicating that phosphorylation of CovR allows regulatory mechanisms in addition to simple DNA binding to come into play.
Transcription of streptokinase (ska) has been investigated extensively in the GCS S. equisimilis strain H46A, where it is called skc (Malke et al., 2000) ]. In GAS, as well as in GCS, streptokinase is transcribed divergently from the adjacent gene, lrp, and the 274 bp DNA sequence between these two genes is highly conserved ( Fig. 2 ; Frank et al., 1995) . In GCS, two transcription initiation sites that are 8 bases apart were identified (Gase et al., 1995) , and one of these corresponds to that identified for ska in GAS (Miller et al., 2001) . In the work presented here, we have examined the interaction of CovR with the streptokinase promoter of GAS (Pska) and determined the effects of binding of both unphosphorylated and phosphorylated CovR on transcription from Pska.
METHODS
Media. Escherichia coli DH5a and BL21 were grown in LB broth (Scott, 1972) . GAS strains were grown at 37 uC without agitation in ToddHewitt broth supplemented with 0.2 % yeast extract (THY). Antibiotics were used at the following concentrations: ampicillin at 100 mg ml 21 for E. coli, kanamycin at 50 mg ml 21 for E. coli and 200 mg ml 21 for GAS, and spectinomycin at 100 mg ml 21 for both E. coli and GAS.
Strains. E. coli K-12 strain DH5a was used for cloning all plasmids. CovR was purified from BL21(DE3)(pLysS)(pEU7561) and the 'housekeeping' sigma factor, RpoD, was purified from BL21(DE3)(pLysS)(pEU7534) . GAS RNA polymerase was purified from strain JRSPolHis (Opdyke et al., 2001 ).
All GAS strains are derivatives of the M6 serotype strain JRS4 (Scott et al., 1986) .
Oligonucleotide primers. All primers are listed in Supplementary  Table S1 (available with the online version of this paper).
Mutation of consensus binding sequences (CBs). CB-1, CB-2 and CB-3 at Pska were mutated by replacing the thymine pairs of the ATTARA sequence with guanine residues by site-directed mutagenesis using complementary primer pairs. Each sense-strand primer was used with Pska A1 XhoI and each antisense primer was used with Pska S1 BamHI to amplify the ska promoter region from the JRS4 chromosome. These PCR products subsequently served as templates in an overlapping PCR with the outside primers Pska S1 BamHI and Pska A1 XhoI to produce the mutated Pska fragments with BamHI and XhoI sites for cloning into pJRS462 . The primers Pska S1 BamHI and Pska A1 XhoI were used to amplify a 407 bp segment of Pska from the JRS4 chromosome. This segment was cloned between the BamHI and XhoI sites in pJRS462 . To construct the CB-4 mutation, pEU7227 containing the wild-type ska promoter was used a template for site-directed mutagenesis using the SkaCB4mut-F and SkaCB4mut-R primers .
To construct the Pska-gusA fusions with TT to GG mutations at CB-1, CB-2 and CB-3, PCR products containing the mutated Pska regions with flanking BamHI and XhoI sites were cloned into plasmids, which were then linearized and introduced into the chromosome of RTG229 (Geist et al., 1993) .
Purification and phosphorylation of CovR. CovR was purified from E. coli and phosphorylated as previously described Gusa et al., 2006) . The protein concentration was determined using the Bio-Rad protein assay reagent standardized with BSA. DNase I protection assays. Primers Pska S1 and Pska Xho A1 were used to amplify a 398 bp segment of the JRS4 chromosome including the ska promoter from 2308 to +91 bp (with respect to the start of ska transcription). The primers in the PCR were end-labelled (Munson & Scott, 1999) and nuclease protection assays were performed as described .
In vitro transcription assays. Transcription reactions were performed and analysed quantitatively as described by Gusa et al. (2006) .
RESULTS

CovR binding to Pska
Examination of the ska promoter sequence in the serotype M6 GAS strain JRS4 shows four consensus CovR-binding sequences (CBs) both upstream of and overlapping with the 210 RNA polymerase-binding regions of the promoter (Pska; Fig. 2 ). These sequences are conserved in all other GAS genomes whose sequence is publicly available. To determine which sites bind CovR, we performed nuclease protection assays using a linear DNA fragment corresponding to bases 2308 to +91 of Pska (Fig. 3a) . We found that unphosphorylated CovR bound to site CB-4, the site that overlaps the 210 region of the promoter. Binding to this site required a concentration of unphosphorylated CovR greater than 1 mM. At 3 mM CovR, very weak protection of sites CB-1, CB-2 and CB-3 was also observed.
Effect of phosphorylation of CovR on binding to Pska
Previous work has shown that at other well-studied CovRrepressed promoters, with the exception of Psag, phosphorylation of the protein in vitro by incubation with acetyl phosphate led to a two-to threefold increase in binding to the CBs within the promoter-containing DNA fragment (Churchward, 2007) . In contrast to this, phosphorylated CovR (CovR-P) bound and protected CB-4 of Pska at a concentration of 0.25 mM, approximately 10-fold lower than that required for binding of unphosphorylated CovR (~3 mM) (Fig. 3a) . This indicates that phosphoryla- tion increases the binding affinity of CovR by 10-fold at this site.
At the other binding sites of Pska, significantly higher CovR-P protein concentrations were required for binding than for binding to site CB-4; protection at the CB-1/CB-2 sites was undetectable below 2 mM CovR-P. This indicates that CB-4 in the Pska promoter fragment has the strongest affinity both for CovR and for CovR-P.
Binding of CovR and CovR-P to CB-4 is independent of binding at other sites of Pska
To determine if cooperative interactions occur between CovR molecules binding to different binding sites at Pska, we investigated binding of CovR and CovR-P to Pska DNA and to Pska DNA carrying mutations in different CovRbinding sites. To make the mutations, the pair of T residues in each CB sequence was changed to a pair of G residues by site-directed mutagenesis. Fig. 3(a) shows that a mutation in site CB-4 (designated CB-4*), which overlaps the 210 region of the promoter, abolished binding of CovR and greatly reduced binding of CovR-P to this site. However, when CB-4 was mutated, binding of CovR-P at sites CB-1, CB-2 and CB-3 was essentially unchanged. These results indicate that binding of CovR and CovR-P at other sites is independent of binding to site CB-4.
To show that binding to site CB-4 is independent of binding to other sites, we examined binding to the Pska DNA fragment containing a TT to GG transversion in CB-3 (CB-3*). CB-3 differs from the consensus binding sequence by a single base, but it appears to serve as a CovR-P-binding site (Fig. 3b) . The CB-3* mutation prevented binding of CovR-P to the CB-3 site, but did not affect binding to CB-4 (Fig. 3b) . Thus binding to CB-4, which overlaps the 210 region of the promoter, is independent of binding to other sites in Pska. Furthermore, the CB-3* mutation did not affect binding of CovR-P to CB-1/CB-2 either, indicating that binding at these sites is also independent.
From Fig. 3(b) , it is apparent that CovR-P binds to a region upstream of CB-3, even when CB-3 is mutated. This suggests the existence of an additional CovR-P-binding site in this region that does not include either a consensus ATTARA sequence or a sequence that differs from this by only a single base. However, binding to this region requires a higher CovR-P concentration than binding to CB-4 (Fig. 3a) .
Since the palindromic arrangement of CB-1 and CB-2 suggests that binding might occur cooperatively to these two sites, we also examined the effect of mutations in these sites on CovR-P binding (Fig. 4) . We found that a TT to GG mutation in either site abolished binding to this region.
(Note that to better visualize binding to this region, in Fig. 4 we labelled the other strand of the DNA fragment compared to the experiments shown in Fig. 3 .)
In summary, site CB-4, which overlaps the 210 region of Pska, appears to be the primary binding site for both CovR and CovR-P. Furthermore, binding to this site appears to be independent of binding of CovR-P at sites further upstream of the promoter.
Repression of transcription from Pska by CovR in vitro
The results described in the two sections above are consistent with the notion that at Pska, in contrast to other CovR-regulated promoters, regulation occurs primarily by binding of CovR-P to a single site that overlaps the 210 region of the promoter. To test this directly, we used an in vitro transcription system containing purified GAS RNA polymerase to compare repression of a wild-type promoter sequence with a truncated sequence carrying a minimal promoter with a single CovR-binding site. Experiments used a linearized template and a control promoter (Pkan) present on a separate DNA fragment was present in each reaction mix. All results are expressed relative to that of the control kan transcript. As shown in Fig. 5(a) , both CovR-P and CovR repressed transcription from Pska. The amounts of CovR-P and CovR required to reduce transcription by 50 % were 0.04 mM and 0.4 mM respectively. Maximal repression (.90 %) occurred at protein concentrations similar to those required for nuclease protection in the DNA-binding experiments shown in Fig. 3 . Thus, in vitro, CovR-P repressed transcription from Pska 10-fold more effectively than CovR. This is in agreement with the 10-fold increase in binding affinity produced by phosphorylation of CovR.
To determine if this repression was due primarily to the interaction of CovR and CovR-P with the CB-4 site of the promoter region, we repeated the transcription experiments using a truncated template carrying a minimal promoter sequence. This minimal promoter sequence lacked all CovR-binding sites upstream of CB-3 (Fig. 2) . Because CB-3 is close to the 235 region of the promoter, the minimal promoter fragment retained most of the CB-3 site. Therefore, to study CB-4 alone, we inactivated CB-3 in the truncated template by mutating its TT residues to GG, as we did for the binding studies described above. Using this truncated template carrying CB-3*, we found that the amounts of CovR-P and CovR required to reduce transcription by 50 % were 0.03 mM and 0.3 mM respectively (Fig. 5b) . This is almost identical to the amounts required to repress transcription from the intact promoter carrying all five CovR-binding sites (Fig. 5a) . Thus, efficient repression of transcription in vitro from Pska by either CovR-P or CovR requires only a minimal promoter fragment with a single CovR-binding site. We conclude that the contributions to CovR-mediated repression of Pska by CovR-binding sites upstream of CB-4 are negligible. 
Repression of transcription from Pska by CovR in vivo
To determine whether CB-1, CB-2 and CB-3 affect repression of Pska, we tested the effect of the CB-1*, CB-2* and CB-3* mutations in a covR + strain using both a transcriptional reporter fusion to b-glucuronidase (Federle et al., 1999) and quantitative RT-PCR to detect ska mRNA. We did not test the effect of a mutation in CB-4 on transcription in vivo since this mutation would be predicted to destroy the 210 region and thus to inactivate the promoter. In wild-type bacteria expressing CovR, at the stage of growth at which Pska is maximally transcribed, we found no significant difference in the amount of transcript between that produced from wild-type Pska and from each of the three CB* mutant promoters (data not shown). This is consistent with our model that CovR-mediated repression of Pska occurs primarily through binding to site CB-4.
DISCUSSION
An understanding of the mechanism of binding and regulation by CovR is central to an understanding of GAS virulence, since the CovRS TCS has been found to be a pivotal global regulator for this pathogen (Graham et al., , 2006 Sumby et al., 2006; Virtaneva et al., 2005) . As a contribution to unravelling the complex regulatory network controlling virulence in GAS, in this work we have studied binding and repression of CovR and CovR-P at the Pska promoter, which controls transcription of the critical GAS virulence factor, streptokinase. We have found several significant differences between the mechanism of CovRmediated repression of transcription at Pska from the mechanism of repression at other promoters whose response to CovR we have characterized previously (Churchward, 2007) .
Unique aspects of CovR binding at Pska
Although the pattern of nuclease protection by CovR at Pska is superficially similar to that at other promoters, at Pska the only CB to which unphosphorylated CovR binds is CB-4, which overlaps the 210 sequence of the promoter. In addition, phosphorylated CovR has a much higher affinity for CB-4 than for the other CBs in the Pska region of the DNA. We have not observed such a site preference in CovR and CovR-P binding at other promoters studied. Furthermore, the affinity of CovR-P for CB-4 of Pska is significantly greater than that for sites at the other promoters.
At several promoters, CovR binding to one site increases its affinity for a neighbouring site, indicating a cooperative binding interaction. This is not seen at Pska. Mutation of CB-4 has no visible effect on binding to the other sites and mutation of the nearest site, CB-3, does not affect binding to CB-4. Thus, the high affinity of CovR-P binding at CB-4 is not caused by cooperativity.
Binding at sites other than CB-4 does not affect transcription from Pska
The most striking difference between CovR regulation at Pska compared to regulation at other promoters is that, in vitro, a unique CB, CB-4, is the only one required for complete repression. In vivo as well, in a covR + strain, mutation of CB-1, CB-2 or CB-3 has no effect on repression at Pska. Since the other CBs in the Pska DNA fragment are bound and protected in vitro by CovR-P, this surprising result indicates that binding alone is not sufficient to cause repression. Given the high affinity of CovR-P for CB-4 and the fact that this binding site overlaps the 210 region of the promoter, binding to this site would be expected to reduce transcription. However, at Phas, although one of the CovR-binding sites also overlaps the 210 region of the promoter, both upstream and downstream sites have major effects on repression in vivo, as demonstrated by mutation of these sites . Similarly, at Pcov, mutation of the upstream binding sites reduces repression by CovR-P both in vivo and in vitro ). An important conclusion from the lack of effect of mutations in CB-1, CB-2 and CB-3 is that binding of CovR to a specific site in the DNA near a promoter does not automatically imply that binding to this site plays a regulatory role. Instead it appears that the orientation of the bound CovR-P dimers relative to the promoter might be critical in determining the efficiency of repression.
Effect of phosphorylation on CovR binding at Pska compared to other promoters
At the CovR-regulated promoters Phas, Pcov and Priv, phosphorylation extends the region protected from DNase, indicative of some cooperativity in binding, and increases the affinity of the protein for the DNA only about two-to fourfold . In contrast, we find that phosphorylation of CovR results in about a 10-fold increase in binding to CB-4 of Pska. The only other CovR-regulated promoter at which a large increase in binding affinity occurs upon phosphorylation of the protein is Psag (Gao et al., 2005) , at which binding is highly cooperative (Gao et al., 2005) . This cooperativity enables CovR and CovR-P to bind long stretches of Psag DNA (~100 bp) that contain only a single consensus or near-consensus binding site. Since binding to site CB-4 of Pska is notable for its independence from protein binding at adjacent sites, the strong effect of phosphorylation on binding affinity at CB-4 cannot be due to cooperativity, as it is at Psag.
Interactions of CovR with DNA: a model for binding at Pska
To explain the high affinity of CovR-P for CB-4 of Pska, we examined the sequence of this binding site. We have shown that nearly all regions of DNA protected from nuclease cleavage by CovR contain the consensus sequence ATTARA or a near-consensus sequence containing 5/6 of these bases Gao et al., 2005; . We have also shown by uracil interference assays that the T residues of this consensus sequence and the central T residue of its complement (TYTAAT) are frequently necessary (though not sufficient) for binding Gao et al., 2005) . CB-4 is composed of a consensus and a related sequence in inverted orientation separated by 5 bases: ATTATgttatTCTAAT. This places the T bases crucial for CovR binding 11 bp, or one turn of the DNA helix, apart. Of all the CovR binding sites we have examined at different promoters where binding is not affected by interactions with other binding sites, this is the only site with potential binding sites in inverted orientation that also has this spacing. Since phosphorylation of CovR causes it to form a dimer (Gusa et al., 2006) , we therefore propose that, upon phosphorylation, the two DNA-binding domains of the CovR-P dimer bind CB-4 in an inverted orientation ('head-to-head'). CovR is structurally related to OmpR and its relatives, and the DNA-binding domains of these proteins are characterized by a single winged helix structure that interacts with a single DNA-binding site (Martinez-Hackert & Stock, 1997) . We propose that the winged helix of each CovR DNA-binding domain in the CovR-P dimer interacts with each consensus or near-consensus sequence of CB-4. The 10-fold stimulation by phosphorylation suggests that an individual monomer can only bind CB-4 with low affinity.
At other CovR-binding sequences we have examined that contain consensus or near-consensus sequences and that show no cooperative interactions with other nearby sites, the consensus and near-consensus sequences are in direct rather than inverted orientation, as at site CB-3 of Pska. At CB-3, there are two near-consensus sequences separated by 7 bases: TTTAAAaacaatcATTAGG and the crucial T residues are 12 bases apart. At the other sites the spacing varies between 9 and 12 bases. We propose that at these sites the DNA-binding domains of adjacent bound CovR or CovR-P molecules are in direct rather than in the inverted orientation we suggest for site CB-4 of Pska.
Thus, similarly to what has been suggested for OmpR binding to DNA (Rhee et al., 2008) , our analysis of CovR binding to independent sequences at Pska supports our previous proposal (Churchward, 2007) that, depending upon the DNA sequence, CovR and CovR-P can bind with their DNA-binding domains in either head-to-head or head-to-tail orientation . We suggest that sites that allow CovR binding in inverted orientation will be bound with higher affinity, as seen at CB-4 of Pska. CovR and CovR-P also bind with high affinity to arrays of sites in direct orientation, such as those at Psag, provided that the sites are appropriately spaced along the DNA to permit a high degree of binding cooperativity.
Regulation of Pska and GAS pathogenesis
The properties of CovR-mediated regulation of Pska described here may be important in the pathogenesis of GAS. Our results suggest that Pska can be regulated by lower concentrations of phosphorylated CovR than the other Cov-regulon promoters investigated. Further, it seems to require less unphosphorylated CovR to repress Pska than to repress other promoters. This leads to the prediction that ska would be repressed under some conditions in which other Cov-regulon genes were expressed. However, it should be remembered that other regulatory factors affect the amount of streptokinase. In addition to the amount of ska transcript, the amount of streptokinase produced will be affected by the amount of the Cov-regulated cysteine protease SpeB, and probably by other proteases secreted by GAS. The way in which these additional regulatory factors interact to allow production of streptokinase at the time and place at which its activity is important to the GAS will require further analysis of these complex regulatory networks.
